Electronic excitation spectra of furan and pyrrole are reinvestigated by the symmetry-adapted cluster configuration-interaction method. The 47 and 46 lowest singlet and triplet electronic states are computed for furan and pyrrole, respectively. Two series ͑1a 2 and 2b 1 ͒ of low-lying Rydberg states and the valence -* excited states strongly influence each other in both furan and pyrrole. The present calculations give detailed and satisfactory theoretical assignments of the vacuum ultraviolet spectra and the electron energy-loss spectra of the two molecules. The similarities and differences in the electronic excitations between furan and pyrrole are discussed in detail. The accuracy and assignments of recent theoretical studies, i.e., complete active space second-order perturbation, multireference Møller-Plesset perturbation, second-order algebraic-diagrammatic construction, multireference double configuration interaction, and CC3, are compared.
I. INTRODUCTION
Furan and pyrrole are so-called five-membered six -electron aromatic ring molecules in which the heteroatoms oxygen and nitrogen donate two electrons and each of the four carbon atoms supplies one electron. The electronic spectra of furan and pyrrole have been the subjects of many experimental and theoretical studies. The interest in these molecules is not surprising, considering the importance of these molecules as fundamental units in many important biological molecules. Further, recently, the calculations of their electronic excitation spectra have been considered as benchmarks for theoretical studies of excited states. The representative theoretical studies have been carried out so far by Nakatsuji et al. 21 in 1985, Serrano-Andres et al. 22 in 1993, Palmer and co-workers 23, 24 in 1995 and 1998, Trofimov and Schirmer 26, 27 in 1997, and Christiansen and co-workers 28, 29 in 1998 and 1999. On the experimental side, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 23, 24 three types of electronic excitation spectra were measured for furan and pyrrole: the vacuum ultraviolet ͑VUV͒ spectrum, electron energy-loss ͑EEL͒ spectrum, and ultraviolet photoelectron spectrum. These spectra provide information regarding singlet valence-and Rydberg-excited states, optically forbidden transitions such as triplet excitations, and ionization potentials, respectively.
On the other hand, the previous ab initio quantum theoretical investigations [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] have demonstrated the underlying difficulties in calculating vertical excited states of furan and pyrrole. One is strong valence-Rydberg mixing. Calculations based only on the valence basis are obviously inadequate and this is a main reason for the failure of early semiempirical studies and early ab initio studies. Second, the roles of electron correlations are crucial. Accurate and reliable results are obtained only by sophisticated electron-correlation methods for ground and excited states. Third, dynamic polarization of the electrons occurs strongly for some electronic excitations. Fourth, all of the previous three factors interact rather strongly in furan and pyrrole.
As observed from the experimental excitation spectra of furan and pyrrole ͑Figs. 3 and 4͒, the peaks are broad and complicated for the existence of many valence-and Rydberg-excited states and their vibrational structures. Generally band maxima and vertical excitation energies differ substantially: even for Rydberg states the deviation exceeds 0.2 eV in some cases. 27 This point should be kept in mind when trying to do an assignment and judge the accuracy of calculations.
Among the previous ab initio theoretical studies on furan and pyrrole, the symmetry adapted cluster ͑SAC͒ and SACconfiguration interaction ͑SAC-CI͒ study 21 was a pioneering work, but due to the computational resources available at that time, the rather limited basis sets and relatively small active space impaired the quality of the results. In the later complete active space second-order perturbation ͑CASPT2͒, 22 multireference Møller-Plesset ͑MRMP͒ 25 perturbation, second-order algebraic-diagrammatic construction ADC͑2͒, 26, 27 and a hierarchy of coupled cluster model ͑coupled-cluster single double, CC3͒ 28, 29 studies, fairly large basis sets were used: the atomic natural orbital basis set contracted to ͓4s3 p1d/2s1p͔ and augmented by ring-centered diffuse s, p, and d functions in CASPT2, Dunning's ccpVTZ basis set augmented by charge-centered 3s, 3p, and 3d Rydberg functions in MRMP, cc-pVDZ augmented by atom-centered diffuse functions and molecule-centered diffuse functions in ADC͑2͒, and cc-pVTZ augmented by atomcentered diffuse functions and molecule-centered diffuse functions in CC3.
However, there are still many inconsistencies among the results of these recent high-level theoretical studies with a͒ Author to whom correspondence should be addressed; electronic mail: hiroshi@sbchem.kyoto-u.ac.jp large basis sets. For example, the CASPT2 and MRMP methods, which use a complete active space self-consistent field reference function, gave very similar computational results for furan and proposed a relatively reasonable interpretation of the singlet valence excitations lying lower than 7.8 eV, whereas, for pyrrole, they gave quite different results ͑0.51 eV difference͒ for the lowest valence excitation of 1 B 2 symmetry, which was assigned to the first band of the VUV spectrum. For the same band, the ADC͑2͒ studies made a conclusion that there was no valence excitation of 1 B 2 symmetry in this region, which was explained solely by the Rydberg transitions. Recently, the fourth -* valence transition, VЈ( 1 B 2 ), was identified by Palmer et al. 23 as an absorption peak at 8.7 eV in the VUV spectrum of furan with the aid of multireference multiroot CI multireference double configuration interaction ͑MRDCI͒ calculations. CASPT2 calculated this state at 8.38 eV with an intensity of 0.27, and MRMP did not visit this region. The CC3 estimated the corresponding state at an energy region higher than 9 eV.
On the other hand, since pyrrole differs from furan only by the substitution of an O atom by a N-H group, we would expect the electronic structures and excitation spectra of the two molecules to be similar. For example, the general profiles of VUV spectra of the two molecules 23, 24 are very similar in that they have two main intense and broad bands; the first is located at around 5.5-7 eV, and the second is more intense and located between 7.0 and 8.8 eV. However, an obvious difference exists in the spectra of pyrrole and furan, i.e., there is a weaker central band near 7 eV in the spectrum of pyrrole. The similarities and differences in the electronic excitation spectra of furan and pyrrole, and the uncertainties in the assignments of the valence and Rydberg excitations in the spectra of furan and pyrrole have motivated us to reinvestigate them using the SAC/SAC-CI method. In Sec. II we outline the computational details. Calculated results and discussion are presented in Sec. III. A summary is given in Sec. IV.
II. COMPUTATIONAL DETAILS
The experimentally determined ground-state equilibrium geometries 30 for furan and pyrrole with C 2v symmetry illustrated in Fig. 1 were commonly used for both ground and excited states, so that the calculated excitation energies are vertical in nature.
In the present calculations, we have used Dunning's augmented correlation consistent basis set AUG-cc-pVDZ 31 for O, N and C atoms, and cc-pVDZ 32 for H atoms. For the molecule-centered Rydberg functions, we have used a set of diffuse functions (3s3 p3d) selected from the studies of Kaufmann et al., 33 and placed them on the molecular center of gravity. These are the same as those used by Trofimov and Schirmer. 26, 27 The total number of basis functions is 175 in furan and 180 in pyrrole. This type of augmented basis is believed to be adequate for describing widely different electronic structures of molecules in the ground state, singlet and triplet valence and Rydberg excited states, describing diffuse character and differential correlation effects. The number of Hartree-Fock canonical orbitals, calculated by the GAUS-SIN98 package, 34 is 175, consisting of 18 occupied and 157 virtual orbitals in furan, and 180, consisting of 18 occupied and 162 virtual orbitals in pyrrole. The self-consistent field ͑SCF͒ occupied valence orbitals and some important virtual orbitals of furan and pyrrole are shown in Table I , respectively, together with their orbital energies, symmetries, and characters.
The details of the SAC/SAC-CI theory have been presented elsewhere. [35] [36] [37] [38] [39] [40] [41] The SAC/SAC-CI calculations were done using the local version of the SAC-CI module. 41 In all of the present SAC/SAC-CI calculations, the active space consists of 13 occupied orbitals and 157 and 162 virtual orbitals in furan and pyrrole, respectively: Only the 1s core molecular orbitals are frozen. The details of the SAC/ SAC-CI calculations are exactly the same as those recently reported for cyclopentadiene. 42 Table II shows the previous 21 and present SAC/SAC-CI computational details on furan and pyrrole. Note that, 15 years ago, SAC/SAC-CI was the only sophisticated theory for calculating the molecular excited states. The computational resources were quite different from those available now: The available main memory, disk space, and computational time were very limited, although the previous calculations were certainly ''big'' by the standard of that time. But now, we can use a much better basis set and a much larger active space than those in the previous SAC/SAC-CI studies. This greatly improves the calculated results, even though the basic method used is the same, i.e., the SAC/SAC-CI method. Improvements in the SAC/SAC-CI program, algorithm, etc., are also important, but when we do the comparisons shown in Table II , we are strongly convinced that advances in computer technology over the past 15 years play the greatest role in the present improvement.
III. RESULTS AND DISCUSSION
In the four -orbital approximation, the two occupied orbitals 2b 1 ( 2 ) and 1a 2 ( 3 ), and the two virtual orbitals 3b 1 ( 4 *) and 2a 2 ( 5 *) illustrated in Fig. 2 give rise to four singlet -* transitions: 3 →*(V) and 2 →*(VЈ). These four transitions V(
, and VЈ( 1 B 2 ) are expected to lie below the first ionization potential (IP 1 ) 8.883 eV in furan and 8.21 eV in pyrrole, and would give absorption bands in the range of 5.5-8.8 eV.
In order to distinguish valence and Rydberg-type transitions, we use some properties discussed in our recent paper. 42 First, we take advantage of the fact that the A 2 and B 1 Rydberg states are not perturbed by the valence -* transitions due to the symmetry constraint. We then use the expectation values of the second moments of the charge distribution ͗r 2 ͘, and its components ͗x 2 ͘, ͗y 2 ͘, and ͗z 2 ͘. In addition, the oscillator strength has also been used by several authors as an indicator to compare valence and Rydberg characters. 23, 24, 26, 27 We will use all of them to analyze our SAC-CI results.
A. Furan
The calculated SCF energy of furan is Ϫ228.654 184 hartrees. The SAC ground-state energy is Ϫ229.070 173 hartrees, and the correlation energy is Ϫ0.415 988 hartrees. The corresponding previous values were Ϫ228.557 15, Ϫ228.810 55, and Ϫ0.253 40 hartrees, respectively.
The singlet vertical excitation energies calculated by the SAC-CI method are given in Table III , which also shows the oscillator strength ͓ f (r)͔ and the second moment of each excited state. In Table IV , the present SAC-CI singlet and triplet excitation energies are compared with the experimental values, and with the results obtained by CASPT2, MRDCI, ADC͑2͒, and CC3. Since for furan the MRMP results are quite similar to those for CASPT2, they are not given in Table IV . Figure 3 shows a comparison of the experimental VUV spectrum 23 and the theoretical SAC-CI spectrum of furan. 
Singlet valence excited states
The first band system occurs in the region of 5.5-7.0 eV of the VUV spectrum. The maximum of this band lies at 6.04 eV ͑peak I in Fig. 3͒ , which was assigned to the valence -* transition V( 1 B 2 ) by Palmer et al. 23 In addition, Flicker et al. 8 observed the intensity maximum of a broad transition at 6.06 eV using electron impact spectroscopy and assigned it to X 28 that the difference between the vertical and the maximum peak excitation energies is at least 0.11 eV for the 1 B 2u valence excited state of benzene.
The region of greatest intensity in the VUV spectrum occurs from approximately 7.2 to 8.4 eV, with an intensity maximum at 7.8 eV ͑peak II in Fig. 3͒ Recently, Palmer et al. 23 assigned an absorption peak at 8.7 eV in their VUV spectrum ͑peak III in Fig. 3͒ to the valence excitation VЈ( 1 B 2 ) with the aid of MRDCI calculated results: 9.422 eV with an intensity of 0.197. In their studies, the relative intensities were important for relating 6 .759 eV with an intensity of 0.183 using the double zeta plus polarization ͑DZP͒ basis, and these two states were calculated at 6.63 and 6.88 eV, respectively, using the DZPR basis in a MRDCI study. 23 Note that the nature of the 2 1 A 1 state in the MRDCI study is only 2 →*. 2 , which clearly defines it as a valence excited state, and its nature is a mixture of 2 -* ͑17→48͒ and ͑17→61͒ and 3 -* transitions ͑18→53͒ and ͑18→64͒. Double excitation makes a rather small contribution. Note that all of the above-mentioned theoretical methods, except MRDCI, gave an energy order of 1 B 2 Ͻ 1 A 1 . This implies that the first 1 A 1 valence state should be located at a higher energy shoulder of the first band. Due to the very weak intensity of this valence transition, there is no obvious experimental evidence to confirm the theoretical results, and vice versa. However, in the case of thiophene, which will be discussed in a later paper, 43 the 2 1 A 1 state has been well characterized with regard to both excitation energy and oscillator strength, in comparison with the experimental data of the VUV and magnetic circular dichroism spectra.
CASPT2 computed
the 2 1 A 1 state at 6.16 eV with an intensity of 0.0015, and its nature was reported to be a mixture of the configurations 2b
Singlet Rydberg states
The lowest singlet Rydberg transition has been assigned to the 1a 2 →3s Rydberg series. Robin 15 first assigned the weak feature at 5.94 eV to the dipole-forbidden 1 A 2 Rydberg state, and later Roebber et al. 13 also assigned the weak peak at 5.91 eV to the 1a 2 →3s Rydberg state using multiphoton ionization spectroscopy ͑MPI͒. In the present calculations, the 1 1 A 2 state is computed at 5.99 eV and its nature is a 3s-Rydberg transition. The CASPT2, MRDCI, MRMP, ADC͑2͒, and CCSD methods computed this state at 5.92, 5.95, 5.84, 5.86, and 6.11 eV, respectively.
The group of transitions in the region 6.4-6.8 eV has usually been assigned to the 1a 2 →3p Rydberg series. Derrick and co-workers 5, 6 assigned the band with a 0-0 origin at 6.475 eV to the transition 1a 2 →3pb 2 . Cooper et al. 12 assigned 6.47 eV to the 3p Rydberg states in their MPI spectroscopy studies, which supported the results of Derrick and co-workers. Recently, the 3pb 2 .50 eV, respectively, and also assigned both of them to the 6.47 eV transition. Apparently, the observed 6.75 eV transition was overlooked by the CASPT2 and MRMP studies, which is rather misleading because no evidence for a second transition at 6.48 eV can be found in the experimental spectrum. In addition, we computed the dipole-forbidden 2 1 A 2 state at 6.66 eV, which is a 1a 2 →3p z Rydberg series.
Following the above-mentioned three 3p-Rydberg states, there is an experimentally identified Rydberg transition at 7.28 eV. This transition was interpreted as the 3d-Rydberg series, 5, 7, 14 however, the spatial symmetry designation of this series is again not fully secure. Derrick and co-workers 5 In the energy region higher than 7.53 eV, Rydberg transitions become increasingly dense, and the assignment of individual Rydberg transitions is more difficult. Therefore, the assignments of the experimental data higher than 7.53 eV given in Table IV are tentative. 3 A 1 was given at 7.10 eV with the main configurations of ͑17→48͒, ͑18→53͒, ͑18→64͒, etc. These states are related to the two higher triplet transitions in the EEL spectrum.
Triplet excited states

B. Pyrrole
The SCF energy of pyrrole is -208.838 068 hartrees. The SAC ground-state energy is Ϫ209.218 937 hartrees, and the correlation energy is Ϫ0.380 869 hartrees. The corresponding previous values were Ϫ208.754 72, Ϫ208.993 36, and Ϫ0.238 64 hartrees, respectively.
The principal SAC-CI results for the singlet and triplet vertical excitation energies are shown in Table V , along with the oscillator strength ͓ f (r)͔ and second moment of each excited state. In Table VI , the present SAC-CI singlet and triplet excitation energies are compared to the experimental values, and to the results obtained by CASPT2, MRMP, ADC͑2͒, and CC3. Figure 4 shows a comparison of the experimental VUV spectrum 24 and the theoretical SAC-CI spectrum of pyrrole. Additionally, to interpret the similarities and differences between the VUV spectra of pyrrole and furan, the excitation energies, oscillator strengths, second moments, and main configurations of the valence excitations of the two molecules are compared in 22, 24, 25, 26, 29 Although the 2 1 B 2 state was calculated and assigned to be the valence excitation and was the major source of intensity for this energy region in CASPT2 22 and MRMP 25 studies, the difference in the calculated vertical excitation energy of the 2 1 B 2 state between CASPT2 and MRMP studies is as large as 0.51 eV. In recent ADC͑2͒ studies, 26 however, the first 1 B 2 valence excitation was suggested to be outside this energy region, and the intensity for this region was ascribed mostly to the 1a 2 →3 p(1 1 B 2 ) Rydberg transition. A weak singlet excited state has been observed at about 5.22 eV and assigned to one 1 A 1 state in the VUV absorption spectrum by Mullen and Orloff. 3 However, this assignment was disputed by Robin 15 and experimentally assigned to a Rydberg state. The present calculations compute the 1 1 A 2 state with 1a 2 →3s nature at 5.11 eV, which supports the notion that the lowest singlet state might be due to the vibrational structure of the dipole-forbidden 1a 2 →3s Rydberg transition, since the present calculations, together with previous high-level calculations, 22, 26, 29 show that there is no other singlet state in this energy region.
Next, we discuss the valence excitation, VЈ( 1 A 1 ), which is expected to occur in the first band. As we discussed for the 2 , which clearly characterizes it as a valence excited state, and its nature is a mixture of 2 -* ͑17→52͒ and 3 -* transitions ͑18→53͒ and ͑18→66͒. Double excitation makes a rather small contribution. CC3 computed it to be 6.37 eV with an oscillator strength of 0.001. ADC͑2͒ computed this state at 6.66 eV with an oscillator strength of 0.017. CASPT2 computed the 2 1 A 1 state at 5.92 eV with an intensity of 0.0195, and its nature was reported to be a mixture of the single excitation 2b 1 →3b 1 and 1a 2 →2a 2 configurations in combination with a large fraction ͑25%͒ of double excitations (1a 2 ) 2 →(3b 1 ) 2 . MRMP computed this state at 5.98 eV with an intensity of 0.0098, and its nature was almost the same as that of CASPT2. Note that here there is again a discrepancy between SAC-CI, CC3, and CASPT2, MRMP results. However, in the case of thiophene, which will be discussed in a later paper, 43 the 2 1 A 1 state ͑lowest excited state͒ has been well characterized to be predominantly single excitation by both SAC-CI and CASPT2 with regard to both excitation energy and oscillator strength, in good accordance with the experimental data of the VUV and magnetic circular dichroism spectra. Generally speaking, the SAC-CI SD-R method used here, together with the CCSD/CC3 and EOM-CCSD͑T͒ methods, is best applied to states that are largely single excitation in nature, and may give a relatively high excitation energy estimate for the state of significant doubly excited character. Therefore, the doubly excited characters of the 2 1 A 1 states of this series of five-membered ring compounds deserve to be further investigated by the SAC-CI general-R method, 44 which is suitable for two-and many-electron processes.
In the VUV spectrum of Mullen and Orloff, 3 absorption peaks are observed at around 5.71 and 5.88 eV, and a question arises as to whether these two absorption peaks represent two separate electronic transitions or one transition with an associated vibrational structure. In the later UV spectrum of Bavia et al., 7 absorption peaks were reported at around 5.82 and 5.86 eV, however, an obvious absorption peak at around 5.7 eV was ignored. In the latest VUV spectrum of Palmer et al., 24 absorption peaks were reported at around 5.698 and 5.861 eV and assigned to the 1 1 B 2 (1a 2 →3p ) and 1 1 B 1 (1a 2 →3p y ) states, respectively. The 5.861 eV transition is the most intense and shows obvious vibrational structures in the first band. Other nearby peaks, e.g., 5.82 and 5.88 eV, are interpreted as part of the vibrational structure of this transition. Palmer et al., 24 by comparing this with the envelope of the first band in PES, 5 confirmed that the 5.861 eV absorption arises from the excitation of a 1a 2 →3p Rydberg state associated with IP 1 ͑8.21 eV͒. Our present calculations support this general experimental assignment, but the calculated excitation energy orders and oscillator strengths prefer the assignment of the 5.861 eV transition to 1 (1a 2 →3p y ) , which is opposite the assignments of Palmer et al. 22 Except for CASPT2, all previous theoretical studies, i.e., CC3, MRMP, and ADC͑2͒, gave similar trends for excitation energy orders and oscillator strengths to our present results, however, all of them followed Bavia et al. 7 and ignored the 5.7 eV peak, and assigned the 5.861 eV transition to 1 1 B 2 (1a 2 →3 p x ) and the 5.82 or 5.88 eV transition instead of the 5.7 eV transition to 1 1 B 1 (1a 2 →3p y ). The next peak in the VUV spectrum is observed at around 6.2 eV. This peak was assigned experimentally to the 2b 1 →3s Rydberg transition by Derrick et al. 5 On the other hand, this peak, together with other peaks at slightly higher energies, was assigned experimentally to a vibrational structure of the 1a 2 →3p x Rydberg state by Bavia et al. 7 Our present calculations support an alternative assignment for this group of peaks, and associates them with the V(2 1 B 2 ) state calculated at 6.48 eV and its vibrational structure. Additionally, the 1a 2 →3d yz (3 1 B 1 ) Rydberg states, etc., are also predicted to be in this region. Note that the absorption peaks were reported at around 6.42 eV and assigned to the 1a 2 →3d Rydberg state in the UV spectrum of Bavia et al. 2. The second weak central band (6.6-7.1 eV) in the VUV spectrum A relatively intense absorption peak was observed at around 6.78 eV in the VUV spectrum by Palmer et al., 24 and assigned to the 1a 2 →3d Rydberg transition instead of 1a 2 →4s, 7 which is dipole forbidden. Two other weaker bands at 7.021 and 7.044 eV were assigned to the excitations of the 2b 1 →3p series of Rydberg transitions. 24 Our present calculations support the above-given general assignments of this energy region. The 3 1 B 2 state (1a 2 →3d xz ) is computed at 6.76 eV with an oscillator strength of 0.0789, which is the most intense absorption peak in this energy region and hence is reasonably associated with the absorption peak at around 6.78 eV in the VUV spectrum. It is easy to understand why this Rydberg transition is intense via the above-mentioned hybrid model. It is mixed with valence transition and hence it ''borrows'' the intensity from the valence transition. Most of the intensity of the first and second bands can be attributed to the same valence transition. Additionally, the 2b 1 →3p series of Rydberg states are also predicted in this region, and the 1a 2 →4p series of Rydberg states are predicted at the high-energy tail of this energy region. Note that CC3 calculations predicted very similar results in this energy region and also supported the assignment. However, CASPT2 and MRMP assigned the 6.78 eV peak to the 2b 1 →3 p series of Rydberg transitions according to their calculations. 1 A 1 state is a strong mixture of the →* transitions ͑18→53͒ and ͑17→52͒ with the Rydberg transitions ͑17→26͒ and ͑18→38͒, etc., which are responsible for the rather large second moment ͑250.9 a.u. 2 ͒ of this state. The nature of the 10 1 B 2 state is of strong mixture of →* transitions ͑17→53͒, ͑17→66͒, and ͑18→52͒ with Rydberg transition ͑17→27͒, etc., which is responsible for the large second moment ͑159.0 a.u. 2 ͒ of this state. The strong mixture of →* excitations with Rydberg excitations reflects the strong interactions between valence and Rydberg excited states. Note that these interactions in pyrrole are stronger than those in furan. The two states mentioned previously are defined as energetically high valence states of A 1 and B 2 symmetries, respectively, considering oscillator strengths, main configurations, and second moments. Our present calculations show that a significant portion of the electronic absorption intensity in this region is due to the two energetically high valence excitations mentioned previously. We also predict that the 1a 2 →4d series, 1a 2 →5p series, 2b 1 →3d series, 1a 2 →5d series, 2b 1 →4d series, etc., Rydberg states are located in this energy region, and some of them have relatively large oscillator strengths. There are so many Rydberg states in only a 1 eV range, and therefore it is difficult to make an accurate assignment of Rydberg transitions in this energy region. For vibrational and geometrical relaxations, Rydberg transitions can easily overlap, and thus the absorption in this region becomes very complicated. However, we believe that it is reasonable to associate the valence and Rydberg excitations mentioned previously to the fine structure in the region 7.1-8.2 eV.
Triplet excited states
The two lowest triplet transitions of pyrrole have been identified by the electron energy-loss ͑EEL͒ 
C. Comparison of furan and pyrrole
Comparing the present calculations of furan with those of pyrrole, it is obvious that a similar electronic excitation mechanism occurs in both molecules. There are two valence excitations in B 2 and A 1 symmetry, respectively, which are responsible for most of the intensity of the electronic absorption bands, and hence span the general profiles of the VUV spectra in the energy region up to around 8.2 eV in pyrrole and 8.8 eV in furan. From the main configurations listed in Table VII , we can see that both 1a 2 and 2b 1 series →* valence transition configurations contribute to the two valence excitations of A 1 symmetry in both molecules. However, the 1a 2 series →* valence transition configurations predominantly contribute to the lowest valence excitation of B 2 symmetry and the 2b 1 series →* predominantly contribute to the higher-energy valence excitation of B 2 symmetry in both molecules. At the same time, these valence excitations are more or less influenced by low-lying Rydberg transitions. In the case of pyrrole, due to the lower first ionization potential ͑1IPs͒, the Rydberg states are expected to be in the lower energy region, which is proven by our present calculations. In furan, the lowest excited state is the valence excitation of B 2 symmetry except for the dipole-forbidden 3s Rydberg transition, whereas in pyrrole the energies of the 3 p series Rydberg transitions are lower than that of the lowest valence excitation of B 2 symmetry, which gives rise to stronger interactions between valence and Rydberg excitations than in furan. It is also clear from the second moments of these states that the interactions between valence and Rydberg transitions in pyrrole are much stronger than those in furan, which is responsible for the more complicated VUV fine structure of pyrrole.
Comparing the present SAC-CI results with those obtained by the CCSD and CC3 methods, we find that the general trends are very similar, and the difference in excitation energies is very small, less than 0.1 eV ͑maximum͒ for valence excitations and 0.25 eV ͑maximum͒ for Rydberg transitions. These similar results are natural since the basic theories are quite similar and the difference lies only in computational methodology: the former uses perturbation selection schemes and the latter adopts integral-direct strategies. The present results, comparing with CCSD/CC3 results, show that the perturbation selection scheme in the SAC-CI SD-R method is very effective and reserves a high accuracy at the same time.
IV. CONCLUSIONS
The SAC/SAC-CI theory was applied to furan and pyrrole to reinvestigate their electronic excited states in more detail, including the singlet and triplet valence and Rydberg excited states. The SAC/SAC-CI method with a sufficiently extended basis set and a large active space gave a quantitatively satisfactory result to make reliable assignments for the electron excitation spectrum of furan and pyrrole. The present results show good agreement with various experimental data measured by VUV and EEL spectroscopies. The mixing of valence and Rydberg states was stronger in pyrrole than in furan.
In the case of furan, four singlet valence -* excitations ͑two A 1 states and two B 2 states͒, which span the general profile of the VUV spectrum, agree well with the latest experimental data by Palmer et al. 23 In particular, our present results strongly support the notion that valence excitation exists in the 8.7 eV energy region. In addition, many Rydberg excitations were determined in the present calculations, and the corresponding assignments in this work should constitute a useful theoretical reference for experimental chemists in this field.
In the case of pyrrole, 43 low-lying singlet excited states were obtained theoretically and reliable assignments for the VUV spectrum up to 8.2 eV were made using the calculated energies and oscillator strengths. Valence and Rydberg excited states were discussed separately in detail. For the first intense band and second weak band of the VUV spectrum, our present calculated results show a strong mixture of valence and Rydberg excitations in the first three 1 B 2 excited states. For the third strong and broad band, the present calculations give two valence excited states, 8 1 A 1 and 10 1 B 2 , which are strongly influenced by Rydberg transitions. These valence excitations, together with Rydberg excitations, span the general profile of the VUV spectrum observed by Palmer et al. 24 
